Chondrocyte mRNA decay Osmolarity Cartilage Mitogen activated protein kinase s u m m a r y Objective: Osmolarity is a major biophysical regulator of chondrocyte function. Modulation of chondrocytic marker gene expression occurs at the post-transcriptional level following exposure of human articular chondrocytes (HAC) to hyperosmotic conditions. This study aims to further characterise the post-transcriptional response of HAC to hyperosmolarity. Methods: Gene expression and microRNA (miRNA) levels in freshly isolated HAC after 5 h under control or hyperosmotic conditions were measured using microarrays. Regulated genes were checked for the presence of AU rich elements (AREs) in their 3 0 untranslated regions (3 0 UTR), whilst gene ontology was examined using Ingenuity Pathway Analysis (IPA). RNA decay rates of candidate ARE-containing genes were determined in HAC using actinomycin D chase experiments and the involvement of the p38 mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinases 1 and 2 (ERK1/2) pathways were investigated using pharmacological inhibitors. Results: Hyperosmolarity led to the regulation of a wide variety of genes. IPA identified enrichment of
genes involved with cell stress responses, cell signalling and transforming growth factor b (TGFb) signalling. Importantly, upregulated genes were over-represented with those containing AREs, and RNA decay analysis demonstrated that many of these were regulated post-transcriptionally by hyperosmolarity in HAC. Analysis of miRNA levels in HAC indicated that they are only modestly regulated by hyperosmotic conditions, whilst inhibitor studies showed that p38 MAPK and ERK1/2 were able to block hyperosmotic induction of many of these genes. Conclusion: Through microarray and bioinformatics analysis we have identified genes which are posttranscriptionally regulated in HAC following exposure to hyperosmotic conditions. These genes have a range of functions, and their regulation involves transduction through the p38 MAPK and ERK1/2 pathways. Interestingly, our results suggest that miRNA regulation is not key to the process. Overall, this work illustrates the range of processes regulated in chondrocytes by changes in their osmotic environment, and underlines the importance of post-transcriptional mRNA regulation to chondrocyte function.
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Within articular cartilage, chondrocytes populate a challenging environment. This is due to the tissue's lack of vascularisation and polyanion-rich extracellular matrix (ECM) and is characterised by low oxygen tension, low pH, high osmotic pressure and low nutrient levels 1 . Furthermore, articular cartilage is subjected to substantial compressive and shear forces during locomotion and chondrocyte phenotype and activity can be regulated by changes in many of these biophysical parameters. It is well established that dynamic mechanical compression leads to elevation of chondrocyte marker gene expression and enhanced ECM production 2, 3 . Additionally, many chondrocyte functions are regulated by changes within the physiochemical environment and alterations in ECM synthesis are driven by changes in pH, oxygen tension and also osmolarity 4e7 .
The responses of chondrocytes to osmolarity in particular have been long studied. Synthesis of glycosaminoglycan and collagen by articular cartilage explants is improved under hyperosmotic conditions with an osmolarity of around 350e400 mOsm appearing to be optimal 8 . These levels correspond to the osmolarity found within healthy articular cartilage although the tissue would experience higher osmolarities when subjected to compression 9 . We have recently shown that hyperosmotic conditions are able to control the levels of the chondrocyte marker genes sry-related high mobility group box (SOX9) and COL2A1 in a process that involves altered post-transcriptional regulation of the mRNA molecules that encode these genes 10 .
Post-transcriptional mRNA control is an important tier of the gene regulation that is co-ordinated by RNA binding proteins and microRNAs (miRNAs) 11e13 . The mRNAs which are regulated in this way often contain AU rich elements (AREs) within their 3 0 untranslated regions (3 0 UTRs) and a number of different classes of these elements have been identified through their structural and functional similarities 14, 15 . Control of genes at the post-transcriptional level has been shown to be important in modulating the expression of genes involved in immune response, angiogenesis cell signalling and cell division. A wide variety of parameters including cell stress, differentiation and growth factor/cytokine stimulation contribute to altered rates of mRNA turnover 16 . It is therefore likely that post-transcriptional gene control is a ubiquitous means of controlling a wide variety of genes in tissues throughout the body.
The extent and nature of post-transcriptional gene control in chondrocytes is very poorly understood. Prior to our findings that hyperosmolarity regulates SOX9 mRNA decay, we demonstrated that cellular stress induced by cycloheximide treatment has a similar effect. Other groups have also presented evidence that mRNAs encoding bone morphogenetic protein 2 and inducible nitric oxide synthase can be controlled post-transcriptionally in chondrocytes 17, 18 . We were interested in what the scope of post-transcriptional gene control in chondrocytes might be. We therefore conducted a microarray screen to examine genes regulated by hyperosmolarity and then, using in silico and in vitro approaches, identified genes whose regulation involved alterations in their mRNA decay rates.
Materials and methods

Cell culture
Osteoarthritic human articular cartilage was obtained following total knee arthroplasty with full approval from the Cheshire Research Ethics Committee. Primary articular chondrocytes were isolated from tissue, dissected from intact, non-fibrillated areas of the articular surface, by overnight digestion in Dulbecco's Modified Eagles Medium (DMEM) containing 10% Foetal Bovine Serum (FBS), 100 units/ml penicillin, 100 units/ml streptomycin, 5 mg/ml amphotericin B and 0.08% collagenase type II (all from Invitrogen). Freshly isolated cells were plated at high density (1 Â10 5 cells/cm 2 ) in 25 cm 2 flasks in the same media without collagenase and used 24 h later. The primary chondrocytes were treated with DMEM without serum and adjusted to 380 mOsm through the addition of NaCl for 2 h to acclimatise them to serum free conditions. Then the media was changed either to 380 or 550 mOsm in serum free media for 5 h before the cell layers were extracted using Tri Reagent. Osmolarity of media was confirmed using a Loess Freezing point osmometer. All cell culture was carried out at 37 C in a 5% CO 2 environment. For mitogenactivated protein kinase (MAPK) inhibitor experiments, 20 mM of SB202190 (p38 MAPK inhibitor) or U0126 (MEK1 inhibitor) were added to the cultures during the 2-h 380 mOsm acclimatisation period and maintained during subsequent 5 h 380 or 550 mOsm incubations. Total RNA was purified from all primary chondrocyte Tri Reagent lysates using a standard chloroform extraction/isopropanol precipitation procedure before reconstitution in Ribonuclease (RNAse)-free water.
Microarray analysis
RNA was sent to The Genome Centre, Queen Mary University London and was used to probe an Illumina Ref8 v.3 Expression Beadchip for gene expression analysis and a Universal 12 v2 1536 Bead Array for quantification of miRNAs. RNA from four donors was analysed with one array per donor. RNA integrity was confirmed using an Agilent bioanalyser and it was then labelled with Cy3 using an Ambion TotalPrep kit before being hybridised to arrays using an Illumina Beadstation 500G. The arrays were then scanned with an Illumina Bead Array reader and data imported into Illumina Bead-Studio software for normalisation. Microarray data was submitted in MAGE-TAB format for curation at ArrayExpress (http://www.ebi. ac.uk/miamexpress) with the accession numbers E-MEXP-3129 (gene expression) and E-MTAB-654 (miRNA expression). Gene expression data from the Ref8 Beadchip was imported into MaxD software where fold changes in mRNA level due to hyperosmolarity were determined for each donor. Data from both array platforms was also imported into multiple experiment viewer software where statistical analysis and hierarchical clustering was conducted. mRNAs exhibiting up or down regulation in all four donors were then taken and screened against the human AU rich element database (ARED e http://brp.kfshrc.edu.sa/ARED/) to detect the presence of 3 0 UTR regulatory elements which could predispose the mRNAs to post-transcriptional regulation 19 .
Ingenuity Pathway Analysis (IPA)
IPA (Ingenuity Systems, Redwood City, CA) was applied to two data sets: (1) a list of 858 differentially expressed genes exhibiting 1.4-fold regulation of expression values, P < 0.05 and (2) a list of genes differentially expressed by at least 1.1-fold P value <0.05. Gene symbols have been used as Identifiers and Ingenuity Knowledge Base gene set as a reference for a pathway analysis. 'Canonical Pathways' and 'Networks' were ranked by IPA according to statistical significance of their coverage.
Real time PCR
cDNA was generated by reverse transcription using moloney murine leukemia virus (MMLV) reverse transcriptase primed with random hexamers (Promega). Real time polymerase chain reaction (PCR) was performed on an Applied Biosystems 7300 instrument using SYBR Green Mastermix (Applied Biosystems, Warrington, UK). Gene expression levels were normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels using the 2 ÀDCT method. The PCR reaction efficiencies of all new primers pairs was determined and were found to be within 10% of the efficiency of the GAPDH primers. The primer pairs used in this study are listed in Supplemental Table I . Real time PCR analysis data was log transformed to ensure normal distribution and then analysed using paired t tests.
RNA decay analysis
RNA decay experiments were conducted in primary human articular chondrocytes (HAC) cultured for up to 4 h with the RNA polymerase inhibitor actinomycin D (1 mM) with Tri Reagent extracts taken at 0, 1, 2 and 4 h. For RNA decay experiments, gene expression values calculated by real time PCR were normalised to time 0 and plotted against the time with actinomycin D on semilog graphs. The exponential slope was used to determine RNA half-life using the equation t 1/2 ¼ ln(2)/slope.
Western blot analysis
Chondrocyte cell lysates were extracted using 1Â sodium dodecyl sulphate (SDS) sample buffer, separated on 4e12% NuPAGE gels (Invitrogen) and blotted onto nitrocellulose. Blots were probed with anti-phospho-extracellular signal-regulated kinases 1 and 2 (ERK1/2), total ERK1/2 and phospho p38 MAPK antibodies (Cell Signalling Technologies) or GAPDH antibody (Sigma) using previously described protocols 10 .
Statistical analysis
Comparisons between control and hyperosmotic conditions for the microarray datasets was carried out using paired Student's t tests. For IPA the significance of the association between the data set and the canonical pathway was measured in two ways: (1) a ratio of the number of molecules from the data set that map to the pathway divided by the total number of molecules that map to the canonical pathway. (2) Fisher's exact test was used to calculate a P value determining the probability that the association between the genes in the data set and the canonical pathway is explained by chance alone. Real time PCR data was subject to log10 transformation before treated and control samples were compared using paired Student's t tests.
Results
Hyperosmolarity regulates many genes in HAC
We examined the effect of hyperosmotic stimulation on gene expression using chondrocytes freshly isolated from the articular cartilage of four human donors (three female, one male, average age 80 years AE 8 years standard deviation). We isolated RNA from HAC following 5 h exposure to hyperosmotic conditions and conducted qRT-PCR. Initial analysis of these samples demonstrated that SOX9 mRNA was significantly upregulated in hyperosmotic cultures with an average change of 1.6-fold (380 mOsm 2 ÀDCt value ¼ 0.20 AE 0.07 95% confidence interval, 550 mOsm 2 ÀDCt value ¼ 0.33 AE 0.11 95% confidence interval, P ¼ 0.05, using paired t test, n ¼ 4) which was comparable to our previous findings 10 . We therefore carried out microarray analysis of primary HAC to examine their responses to hyperosmolarity at the transcriptomic level. Principal components analysis of the raw array data demonstrated that the major influence on the variability of the data was from whichever osmotic condition the cells were cultured in. Donor to donor variability was a secondary component but its influence was at a much lower magnitude. The data was normalised and spot intensities were used to create fold changes for each gene. We initially examined genes that were most strongly regulated by hyperosmolarity. Overall we identified 88 genes that were upregulated, and 51 genes that were downregulated, by at least twofold in both instances. The 30 most strongly up and downregulated genes are presented in Table I . We found that a number of genes with well established functions in cartilage biology were upregulated by hyperosmotic culture conditions. These included PTGS2 cyclo-oxygenase-2 (COX2) and IL6, which exhibited strong upregulation in each donor but also high variability in overall levels between donors. Other notable genes, which were outside the top 30 but nevertheless exhibited greater than twofold upregulation, were ADAMTS1 and SLC5A3 (which encodes the osmosensitive myoinositol transporter SMIT), which were increased on average by 2.36-and 2.53-fold respectively.
Genes upregulated by hyperosmolarity over-represented with those containing AREs
We examined whether the regulated genes contained potential RNA destabilising 3 0 UTR regulatory regions using the ARED database. We found that over a third of the 30 highest upregulated genes contained putative AREs in their 3 0 UTRs (Table I) . The AREs were mainly of the ARED defined cluster 3 or 5 family. Conversely, only four of the 30 most highly downregulated genes contained such elements, all of which were cluster 5. We expanded this analysis to examine the prevalence of AREs in all genes upregulated by any magnitude but with a P value < 0.01 [ Fig. 1(A) ]. We found that, compared to the prevalence of AREs within the whole genome, the genes upregulated in our study were over-represented with those containing AREs, particularly those of the cluster 5 subtype. Whilst 6.7% of the entire genome consists of ARE-containing genes, 26.7% of the hyperosmotically regulated genes that we identified contained these elements. Hierarchical cluster analysis, performed on the significantly upregulated genes identified clusters of transcripts whose responses were similar from donor to donor following hyperosmotic stimulation. However, there was no obvious enrichment of ARE-containing genes within any particular cluster [ Fig. 1(B) ].
IPA
To explore the nature of the genes regulated by hyperosmolarity in HAC we performed ontology analysis using IPA. We analysed significantly differentially expressed genes with either at least a 1.4-fold change in expression or a 1.1-fold change. Statistical significance (P value) of Top 5 Canonical Pathways coverage was estimated in a range of 2.68EÀ05 to 3.5EÀ04 for the 1.4-fold gene set and 6EÀ07 to 8.3EÀ06 for the 1.1-fold gene set. We found that when examining only the 1.4-fold regulated genes, hyperosmotic conditions caused a significant enrichment in regulation of genes involved in, among others, MAPK pathways (p38 MAPK, ERK1/2) as well as within vitamin D receptor (VDR), hepatocyte growth factor (HGF) and transforming growth factor b (TGFb) signalling pathways (Table II) . Expansion of the IPA analysis to include genes only modestly regulated by hyperosmolarity (1.1-fold change) revealed enrichment of genes mapping strongly to a range of pathways including; calcium signalling, glycolytic and the nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) signalling pathways (not shown). In keeping with the stressful nature of the hyperosmotic conditions to the chondrocytes, there was also regulation of most of the components of the branched amino acid synthetic pathway, as well as regulation of the related mTor signalling pathway e both known cellular stress response mechanisms. Given the important role that TGFb signalling plays in chondrocyte biology we performed a detailed examination of the components of TGFb signalling regulated by hyperosmolarity ( Fig. 2 ). This showed that extracellular ligands such as TGFb3 were upregulated as were downstream transcriptional regulators such as TGIF and TFE3 (Table II) . However expression of signalling intermediates such as the receptor TGFBR2 and the signalling molecules SMAD3 and SMAD6 was downregulated (Table II) .
Many genes upregulated by hyperosmolarity are post-transcriptionally controlled
We decided to focus on 15 of the genes that were strongly upregulated by hyperosmolarity. Thirteen of the genes we chose contain ARED-identified AREs within their 3 0 , one (SGK) harbours four AUUUA motifs, which were identified manually, and another (ARNTL) is strongly upregulated (5.1-fold) but contains no AREs. Using reverse transcription and real time PCR analysis we examined the original RNA samples used to perform the microarray experiment to confirm the regulation of these genes. The efficiency of all primer pairs used was measured and they were all found to be comparable with the primers used to amplify the housekeeping gene GAPDH. We found that, with one exception (SLC5A3), the PCR measurements showed a significant upregulation of the genes in the hyperosmotic conditions, confirming the microarray findings [ Fig. 1(C) ]. We then examined RNA decay rates in freshly isolated HAC from two donors Three of these e IL6, RGS16 and SGK e had rapid rates of RNA turnover (t 1/2 < 3 h) whilst two of them e GLS and PGML2 e had slower rates of mRNA decay (t 1/2 ¼ 6 and >20 h respectively).
Hyperosmotic induction of gene expression is blocked by MAPK inhibitors
We have previously shown that p38 MAPK is activated following exposure of HAC to hyperosmotic conditions and we observed in this study that the ERK1/2 is similarly activated [ Fig. 4(A, B) ]. Focussing on five of the post-transcriptionally regulated genes identified (ADAMTS1, ARNTL, BAMBI, GEM, PFKFB3), we examined whether their induction under hyperosmotic conditions was influenced by pharmacological inhibition of the p38 MAPK or MAPK/ERK kinase (MEK) pathways. The p38 MAPK inhibitor SB202190 blocked the induction of ADAMTS1 and PFKFB3 by hyperosmolarity but had no statistically significant effect on the other three genes [ Fig. 4(C) ]. However, the MEK1/2 inhibitor U0126 significantly inhibited the induction of all hyperosmoticallyinduced genes except PFKFB3 [ Fig. 4(D) ]. Neither inhibitor affected gene expression under 380 mOsm conditions (data not shown).
Regulation of HAC miRNA levels by hyperosmolarity
Using the same RNA samples from our microarray gene expression analysis we screened miRNA microarrays. We analysed differential regulation of the miRNAs by hyperosmolarity using paired t tests. We found only one miRNA was significantly regulated when we specified a low P value (P < 0.001) which was miR-382 with an average increase of 1.7-fold in hyperosmotic conditions. To obtain a greater pool of potentially regulated genes we relaxed our analysis and included miRNAs regulated with P < 0.05. This approach identified 38 miRNAs which were up or downregulated consistently in all four donors ( Fig. 5 ). Of these, in addition to miR-382, the most strongly miRNAs upregulated by hyperosmolarity were miR-29b-1 (1.8-fold), miR27a* (1.7-fold), miR-23a* (1.5-fold) and miR-433 (1.4-fold). Hyperosmolarity downregulated some miRNAs but only by small levels. The most strongly downregulated was miR-136 which was only reduced by 1.3-fold.
Discussion
In this study we have built on previous findings which showed that HAC are able to regulate the rate of mRNA decay of the important cartilage marker genes SOX9 and COL2A1 following exposure to hyperosmotic culture conditions 10 . We have now exposed HAC to hyperosmotic conditions and examined transcriptome regulation, aiming to identify genes regulated posttranscriptionally. We have taken significantly regulated genes and examined them for the presence of AREs in their 3 0 UTRs using the ARED database. This database lists AREs and classifies them into one of five defined clusters based on the frequency and arrangement of the AUUUA motifs. By using this approach we have been able to identify a number of upregulated genes whose mRNA decay rates are slower after exposure to hyperosmotic conditions. One of the most interesting findings is the range of different genes that can be controlled post-transcriptionally by articular chondrocytes. Genes such as PTGS2 (which encodes the cyclooxygenase 2 enzyme) and the proteinase ADAMTS1 have been described extensively in cartilage biology with PTGS2 also having well characterised post-transcriptional responses to cytokine and stress stimuli 16, 20, 21 . These genes would be associated with catabolic changes in cartilage, contributing to the breakdown of the ECM. This would appear to indicate that altered osmolarity in cartilage due to compressive load and/or ECM breakdown could have a downstream effect on chondrocyte catabolism. As would be expected, a number of the genes that were regulated encode stress response proteins. The solute transporter SLC5A3 is also known as SMIT1 and encodes a myoinositol transporter that performs a welldescribed function in cellular osmoresponsiveness. Reports have previously shown that myoinositol transport is regulated following osmotic stress in chondrocytes. It has already been demonstrated that its expression is upregulated in chondrocyte-like nucleus pulposus cells from both human and rat intervertebral disc following hyperosmotic challenge 22, 23 . However, given the lack of statistical evidence for the significance of the regulation of this gene in the real time PCR quantitation, further analysis may be required before we can confirm that it is regulated in the experimental conditions described here. Another stress responsive gene, heat shock protein HSPH1 appears to act as a molecular chaperone but there have been no previous reports of its regulation in articular chondrocytes 24 .
The use of IPA analysis has allowed us to identify a range of cellular processes where a significant number of genes, regulated both strongly and more subtly, are enriched. Not surprisingly, processes related to cell stress responses, such as p38 MAPK, have been identified. In addition other well established pathways, such as ERK1/2, HGF and TGFb were identified. Given the fundamental nature of a dynamic osmotic environment to chondrocytes, future investigation of these, and other processes uncovered by IPA, is clearly warranted.
In addition to genes familiar to the cartilage biology field there are some other genes whose post-transcriptional regulation is intriguing. The gene BAMBI encodes a transmembrane pseudoreceptor which shares homology with the type I TGFb receptors. It is able to regulate TGFb signalling in a number of processes and species. Its altered expression fits in with an overall enrichment in TGFb related gene regulation by hyperosmolarity, which we were able to identify using IPA. The purpose of altered TGFb responsiveness following exposure to increased osmolarity is of interest. In our cultures, hyperosmolarity increases TGFb3 expression but also increases the antagonist BAMBI. Moreover, the expression of the type I TGFb receptor is itself decreased as well as genes encoding some signalling intermediate proteins such as the TGFb activated kinase binding protein TAB1 and SMAD3. Interestingly Smad7, which acts as an intercellular BMP signalling inhibitor, is also downregulated. Given the well established roles for chondrocyte modulation by both TGFb and altered osmolarity, it will be interesting to investigate how these two signals interact in future studies.
We found evidence that hyperosmotic conditions also posttranscriptionally modulate a number of signalling processes that do not have an established role in chondrocyte biology This included regulation of molecules such as the small GTPase GEM which is thought to be involved in receptor mediated signal transduction and the putative actin binding protein COBLL1 which is expressed in the developing mouse limb bud and has been suggested to perform a signalling scaffold function 25 . One of the most interesting genes regulated at the post-transcriptional level was ARNTL. This gene encodes a protein related to the Aryl hydrocarbon receptor, which plays a critical role in the regulation of circadian rhythms 26 . Its strong regulation by hyperosmolarity led us to include it in our RNA decay analysis despite it not being identified by ARED and also not having any AREs identified through manual inspection. The fact that its mRNA decay rates were altered by hyperosmolarity, combined with the lack of similar regulation of ARE-containing mRNAs such as IL6, SGK and RGC32, demonstrates that our approach to identifying potential post-transcriptionally regulated genes is not definitive and that targets must be validated in the laboratory.
It is interesting that the enrichment of ARE-containing upregulated genes occurred through the increase in mostly cluster 5 AREs. In a previous study we had identified post-transcriptional control of the SOX9 and COL2A1 mRNAs in hyperosmotically stimulated chondrocytes, both of which harbour cluster 5 AREs. This motif, defined by ARED as WWWU[AUUUA]UWWW is the most common motif identified in known 3 0 UTR sequences and is often found in transcription factors and cell cycle regulatory proteins whereas other types of ARE-containing overlapping multimeric AUUUA motifs are generally found in cytokines mRNAs 27 . Thus, hyperosmolarity seems to cause post-transcriptional gene regulation primarily in mRNAs containing dispersed, individual AREs. It is still unclear though to what extent post-transcriptional control is controlling the overall mRNA levels. Many genes whose expression can be radically altered by changing mRNA decay rates contain multimeric overlapping AREs 27 which weren't enriched in Fig. 3 . Hyperosmolarity regulates a diverse set of chondrocyte genes at the post-transcriptional level. RNA decay curves generated from actinomycin D chase experiments. Freshly isolated HAC were treated under control (380 mOsm, diamonds) or hyperosmotic (550 mOsm, squares) conditions for 2 h and then actinomycin D was added to the media. mRNA levels were then determined at 0, 1, 3 and 5 h by qRT-PCR. Data points represent the average of decay curves obtained from two different donors e bars represent 95% confidence interval. our data set. An example would be TNFa for instance, whose function is critically controlled by its mRNA decay rates 28 . It is possible therefore that for many of the genes identified here, posttranscriptional regulation does not switch gene expression on and off but rather provides a means of fine-tuning expression levels in response to the external stimuli.
Our previous work also demonstrated that SOX9 mRNA upregulation by hyperosmolarity in HAC and in equine articular chondrocytes can be inhibited by blocking the p38 MAPK and ERK1/2 pathways 10, 29 . Also, both of these pathways have been implicated in the transduction of hyperosmotic signals into increased chondrocyte ECM synthesis 30 and also control cellular response to elevated osmolarity in other systems 31, 32 . We chose to examine a subset of five mRNAs confirmed to be post-transcriptionally regulated in Fig. 4 . These mRNAs were chosen as they encode proteins with a wide range of functions. Of the five, the hyperosmotic induction of two (ADAMTS1 and PFKFB3) was sensitive to p38 MAPK inhibition whilst all except PFKFB3 were sensitive to MEK/ERK inhibition. Therefore, these pathways appear to play roles in chondrocyte osmosensing, with the potential to influence wide ranging cellular processes, in addition to their modulation of ECM synthesis under the same conditions 30 . It will be interesting to see whether these pathways modulate mRNA decay rates following hyperosmotic stimulation, perhaps through their ability to regulate downstream RNA binding proteins 33 . We expanded our mechanistic studies to examine how chondrocyte miRNAs, which are key regulators of post-transcriptional gene regulation, were affected by hyperosmolarity. We found it revealing that our screen of miRNA regulation by hyperosmolarity did not reveal a substantial change in expression for any of these molecules. The experiments in this study are limited to a static application of hyperosmolarity and so at present we can't rule out that the miRNA response would be different in the dynamically changing osmotic environment experienced by the cells in vivo. The only miRNA that showed a robust statistical regulation by Heat map illustrating the expression of those miRNAs that demonstrated a change in expression within a 95% confidence interval following hyperosmotic stimulation. Donor (M ¼ male, F ¼ female þ age) is denoted at top of each column as well as treatment (380 mOsm or 550 mOsm). The data has been subjected to hierarchical clustering.
hyperosmolarity was miR-382 although it was only upregulated by 70%. miR-382 binds to the 3 0 ends of human immunodeficiency virus (HIV) mRNAs and is enriched in resting CD4 þ T cells 34 as well as being associated with lymphoma and massive macronodular adrenocortical disease 35, 36 . Apart from its role in HIV RNA binding, there are as yet no defined roles for miR-382 although a recent study has demonstrated that it is an unusually short lived miRNA 37 . The cartilage-specific miR-140 38, 39 was among the most highly expressed miRNAs observed in this study (data not shown) although not regulated by osmolarity. Our data indicates that regulation of miRNA levels is not a significant part of the immediate hyperosmotic response in chondrocytes. This is not the case however in other cell systems, such as renal medullary epithelial cells which rapidly regulate miRNAs following exposure to high salinity 40 . Therefore further work, particularly focussing on the role of miR-382 in osmotic sensitivity, is warranted before fully excluding a role for miRNAs in chondrocyte hyperosmotic transduction.
We have demonstrated that a number of genes encoding proteins with varying properties are regulated post-transcriptionally by HAC following hyperosmotic challenge, a process that occurs more rapidly than previously identified ECM regulation under the same conditions 30 . Given the wealth of osmotic, oxidative and hypoxic stresses that chondrocytes reside under in the synovial joint it is likely that such post-transcriptional responses are being employed as they respond to alterations in their environment. Future work should shed more light on the genes and cellular processes controlled by chondrocytes in this way and the extent to which such control leads to either strong regulation or subtle finetuning of the transcriptome.
